Lubricin was isolated from bovine ankle, metacarpophalangeal and knee and human knee synovial fluids. The lubricins isolated from the bovine joint fluids had the same amino acid and carbohydrate compositions, but differences were observed in the relative molecular masses. The Mr values of bovine metacarpophalangeal and ankle lubricin determined by light-scattering measurements were about 200000, whereas values of 132000 and 143000 were obtained for the bovine knee lubricin. The human knee lubricin had a similar carbohydrate composition to bovine knee lubricin except for the higher glucosamine content, and the amino acid composition differed slightly. The human sample had a lower glutamic acid content and a leucine/isoleucine ratio of 2:1 compared with 1:1 in the bovine. The Mr value of the human knee lubricin (166000) was also lower than that of the bovine metacarpophalangeal and ankle samples. The Mr value of the bovine knee lubricin determined by sedimentationequilibrium measurements was 171000. The length measurements determined by electron microscopy and also the sedimentation measurements showed considerable polydispersity and indicate that the degree of extension of lubricin molecules can vary. Friction measurements showed that the human knee synovial-fluid lubricin had equivalent lubricating ability in a test system in vitro to that observed for lubricin isolated from normal bovine synovial fluids. The lubricating ability of lubricin was concentration-dependent, and each lubricin sample was able to act as a lubricant in vitro in an equivalent manner to whole synovial fluid at concentrations that are thought to occur in vivo.
(Received 9 July 1984/Accepted 18 September 1984) Lubricin was isolated from bovine ankle, metacarpophalangeal and knee and human knee synovial fluids. The lubricins isolated from the bovine joint fluids had the same amino acid and carbohydrate compositions, but differences were observed in the relative molecular masses. The Mr values of bovine metacarpophalangeal and ankle lubricin determined by light-scattering measurements were about 200000, whereas values of 132000 and 143000 were obtained for the bovine knee lubricin. The human knee lubricin had a similar carbohydrate composition to bovine knee lubricin except for the higher glucosamine content, and the amino acid composition differed slightly. The human sample had a lower glutamic acid content and a leucine/isoleucine ratio of 2:1 compared with 1:1 in the bovine. The Mr value of the human knee lubricin (166000) was also lower than that of the bovine metacarpophalangeal and ankle samples. The Mr value of the bovine knee lubricin determined by sedimentationequilibrium measurements was 171000. The length measurements determined by electron microscopy and also the sedimentation measurements showed considerable polydispersity and indicate that the degree of extension of lubricin molecules can vary. Friction measurements showed that the human knee synovial-fluid lubricin had equivalent lubricating ability in a test system in vitro to that observed for lubricin isolated from normal bovine synovial fluids. The lubricating ability of lubricin was concentration-dependent, and each lubricin sample was able to act as a lubricant in vitro in an equivalent manner to whole synovial fluid at concentrations that are thought to occur in vivo.
In previous studies (Swann et al., 1981a,b) lubricin was isolated from bovine metacarpophalangeal-joint synovial fluid, and at concentrations that are thought to occur in vivo this glycoprotein was an extremely efficient lubricant for articular cartilage. Experiments carried out on pooled human synovial fluids obtained from different joints of patients with different joint diseases (Swann et al., 198 1c) showed that a similar molecule to bovine metacarpophalangeal lubricin was present, but the chemical composition of these preparations varied. It was not clear from these experiments whether the variations in composition were due to differences in the chemical structure of human lubricin obtained from patients with joint diseases, to joint-to-joint variations in structure or to the occurrence of other constituents present in human pathological fluids (that were not present in normal bovine fluids) that co-fractionated with the lubricin. Other studies have shown (Swann et al., 1984) that most human synovial fluids from patients with joint diseases were good lubricants, but 8% of the fluids tested had decreased lubricating ability. It therefore became important to determine whether there are structural differences in lubricin isolated from different joints and whether human lubricin has a similar structure and lubricating ability to bovine lubricin.
In order to answer these questions we have isolated lubricin from bovine ankle-and knee-joint Vol. 225 synovial fluids and from the human knee synovial fluids that were good lubricants (Swann et al., 1984) , obtained from patients that had degenerative or traumatic joint disease, and determined the structures of these molecules.
Experimental procedures Synovial fluids
Bovine synovial fluid was aspirated from the ankle and knee joints of adult cattle within 15 min after death. After collection, the fluids were examined visually, and those samples free from blood contamination were frozen and stored at -200C.
Human synovial fluids were collected and treated as previously described. (Swann et al., 1984) . Fluids from the knee joints of patients with degenerative or traumatic joint disease that had equivalent lubricating ability to normal metacarpophalangeal synovial fluid were used in this study.
Preparation and purification of lubricin
Two methods were used to isolate lubricin. Method I employed the procedures used in earlier studies (Swann et al., 1977 (Swann et al., , 1981b and involved three sequential CsCl-density-gradient procedures followed by two gel-chromatography fractionation steps, with first a Bio-Gel A-5m column and then a Bio-Gel A-iSm column. In the present experiments, the chromatographic conditions were modified slightly in that 0.5M-guanidinium chloride/ 50mM-Tris/HCl buffer, pH7.2, was used as the elutrient for both columns, and before application on to the Bio-Gel A-lSm column the lubricin samples were reduced with dithiothreitol (15mg/ml of sample) instead of the 2-mercaptoethanol and iodoacetamide reduction/alkylation procedure used previously.
Method II involved treatment of the synovialfluid supernatant fraction with Streptomyces hyaluronidase (Calbiochem) (100 units of enzyme/l of synovial fluid, pH adjusted to 5.5 with acetic acid) at 37°C for 16 h in the presence of proteinase inhibitors (1 mM-phenylmethanesulphonyl fluoride, 1 mM-p-chloromercuribenzoic acid and lOmM-disodium EDTA). After dilution with distilled water to 3 times the volume, the enzyme digestion mixture was fractionated batch-wise with DEAE-cellulose (Whatman DE-52) (400ml settled volume). The DEAE-cellulose was washed repeatedly with 50mM-sodium acetate buffer, pH 5.8 (total volume 1.2 litres), and then with 1 MNaCl. The 1 M-NaCl fraction (1 litre) was concentrated on an Amicon PM-30 membrane and then fractionated by gel-permeation chromatography on a column (4.5 cm x 1 00cm) packed with Bio-Gel A-5m and eluted with 1 M-NaCl. A high-Mr glycoprotein fraction (GP-I, Fig. la ) was concentrated (Amicon PM-30 membrane filter) and refractionated on a Sepharose CL-6B column (2.5 cm x 100 cm) eluted with 3M-guanidinium chloride/SOmM-Tris/HCl buffer, pH7.2. The GP-II fraction obtained ( Fig. lb) was reduced by the addition of dithiothreitol (iSmg/ml of solution) and re-fractionated on a column (2.5 cm x 200cm) packed with Bio-Gel A-lSm and eluted with 0.SMguanidinium chloride/50 mM-Tris/HCl buffer, pH7.2. The GP-III fraction (Fig. lc) was concentrated (Amicon PM-30 membrane filter) and fractionated by CsCl-density-gradient sedimentation [at 125 OOOg (ray. 6.3 cm) for 48h at 40C, initial density 1.50g/ml] (Fig. ld) . Lubricin was isolated from the low-density fractions as indicated in Fig. 
1(d).

Analytical procedures and physical methods
The gradient and column fractions were analysed to determine the content of uronic acid (Bitter & Muir, 1962) , the absorbance at 280nm and 230nm and sialic acid by a manual resorcinol method (Jourdian et al., 1971) . Isolated fractions were analysed to determine the amino acid composition by ion-exchange chromatography and the carbohydrate composition by g.l.c. as described previously (Swann et al., 1977 (Swann et al., , 1981b . Sedimentation-velocity and sedimentation-equilibrium measurements were performed on samples that had been dialysed against 0.5M-guanidinium chloride/50mM-Tris/HCl buffer, pH7.2. The distribution of solute after equilibrium sedimentation was determined with a microprocessor-controlled automated scanning device (Margosian & Stafford, 1982) and the point-average effective reduced relative molecular masses [Mr(l -vp) (Silver, 1981) .
Translational diffusion coefficients were determined from intensity fluctuations of scattered light as a scattering angle of 4.00 as previously described (Silver, 1981; Swann et al., 198 1b).
0O
Electron microscopy Samples of lubricin were prepared for electron microscopy by two procedures (Slayter, 1983) . In procedure a, lubricin at 0.05 mg/ml in 0.15 Mammonium acetate, pH7.0, was sprayed as an aerosol at freshly cleaved mica and, after being maintained in a vacuum evaporator overnight at 1.3puPa , was shadowed with platinum.
In procedure b, lubricin was prepared as 0.05mg/ml solution in 50% (v/v) glycerol and the molecules were shadowed with tungsten (0.1 jIg/cm). After backing with 2.5 nm carbon and coating with Parlodian, the replicas were mounted on standard grids.
Friction measurements
These were performed on samples that had been dialysed against 0.15 M-sodium Veronal buffer. A rotating cartilage on glass apparatus was used to measure the relative lubricating ability of fractions and purified lubricin preparations as described previously (Swann et al., 1984) . Normal bovine synovial fluid and Veronal buffer were used as a positive and a negative control respectively.
Results and discussion
The yields of lubricin obtained from bovine metacarpophalangeal, ankle and knee synovial fluids by method I in one experiment were 13.1, 12.4 and 14.3 mg/l. The yield of lubricin isolated by method II from bovine ankle synovial fluid was 11.5mg/l. The uncorrected yield from the human knee synovial fluid was 29mg/l, which indicates that lubricin probably occurs at higher concentrations in fluids from patients with degenerative or traumatic joint disease. As indicated in Fig. 1(d) , fractionation of synovial fluids by method II also led to the isolation of high-density proteoglycans, void volume and Vi the elution position of bovine serum albumin. The column and gradient fractions were analysed to determine the A230 (0), A280 (E) and the sialic acid content (A, A630). The density (-) of the gradient fractions was also measured. See the text for further experimental details.
Vol. 225 The results obtained by analysis of the different lubricin preparations isolated from bovine anklejoint and bovine and human knee-joint synovial fluids are shown in Table 1 . Also included in Table  1 are the chemical compositions and properties of lubricin isolated from bovine metacarpophalangeal synovial fluid. The data for metacarpophalangeal lubricin are the average of previously published values (Swann et al., 1977 (Swann et al., , 1981b and two new preparations. The amino acid compositions are the average of analyses performed on two samples, and the carbohydrate compositions are from analyses performed on single samples. The errors associated with individual amino acid and carbohydrate analysis (not including losses incurred during hydrolysis) are +3%.
Although there are variations in the chemical compositions of the different bovine lubricin samples, they have the same overall chemical composition. The lubricin samples prepared by methods I and II also had essentially the same compositions, and the human knee lubricin had a similar chemical composition to bovine lubricin. The human lubricin, however, differs in that it has a lower content of glutamic acid and a 2:1 leucine/ isoleucine ratio, whereas the bovine samples had a 1:1 leucine/isoleucine ratio. The human lubricin also had a higher glucosamine content.
The physical properties of the bovine knee and ankle and human knee lubricin samples are shown in Table 2 and are compared with previously reported values obtained for bovine metacarpophalangeal lubricin (Swann et al., 1981b) . The M, value obtained for the bovine ankle lubricin (method I) sample calculated from laser-lightscattering measurements was 216000 and the length was 197nm. The Mr values of the bovine knee samples were 132000 and 143000 and the human knee lubricin sample had an Mr of 166000.
The calculated length of the bovine and human knee lubricin samples was 173 nm. The Mr (weightaverage) of the bovine knee lubricin (method I) sample calculated from sedimentation-equilibrium measurements was 171000. The standard deviation calculated from the average Mw and Mz values was 84000.
A relatively broad range of molecule lengths was obtained from electron-microscope measurements, and the ranges of calculated number-average and weight-average lengths of the lubricin samples I  II  I  II   Human  knee  I   35  33  29  43  38  38  224  229  235  213  219  234  56  59  62  62  61  60  134  140  142  140  133  106  238  235  237  230  241  244  24  26  26  27  26  32  90  94  91  93  86  93   18  14  12  13  14  15  4  3  2  3  4  5  16  15  14  16  13  11  15  15  14  16  14  22  4  3  3  2  5  3  6   4  3  4  7  4  119  116  117  124  118  117  3  2  2  2  4  7  14  12  11  12 (Fig. 2) , the bovine knee lubricin and a human knee sample at concentrations of lOOpg/ml had equivalent lubricating abilities to whole bovine synovial fluid. At lower concentrations there were increases in friction values, particularly at the lower speeds, and the values approached those obtained with Veronal buffer, used as a negative control. Essentially the same results were obtained with bovine knee lubricin isolated by methods I and II and with lubricin isolated from bovine metacarpophalangeal and ankle-joint fluids.
General discussion
The previous studies on the structure and properties of lubricin were performed on samples Vol. 225 isolated from normal adult bovine metacarpophalangealjoint fluids by method I (Swann et al., 1977 (Swann et al., , 1981a . An alternative isolation procedure (II) was also used in the present studies, but this possessed no overall advantage and procedure I is considered to be the best method currently available for the preparation of lubricin.
The chemical analyses of lubricin isolated from bovine metacarpophalangeal, ankle-and kneejoint synovial fluids show that this molecule has a similar structure and occurs in similar concentrations in these joint fluids. Lubricin isolated from the knee synovial fluid of patients with degenerative or traumatic joint disease, however, occurred in higher concentrations, had a slightly different amino acid composition and a consistently higher content of glucosamine. It therefore appears that there are species-related differences in the structure of the peptide and oligosaccharide side chains of lubricin molecules. Variations were also observed in the Mr values of the different lubricin samples and in the lengths of the molecules calculated from electron-microscope measurements.
One of the contributing factors to the apparent differences in the length and Mr values obtained by the different physical methods is thought to be the occurrence of molecules with different sizes, the relative distributions of these molecules in the samples examined and the apparent ability of lubricin to occur in extended and less-extended forms. This view is supported by the observation that lower length values were obtained when samples were prepared for electron microscopy as a solution in 50% glycerol (Table 2) . Our interpretation of these data is that lubricin occurs in synovial fluids as a polydisperse population of molecules and that differences can occur in the Mr and conformation of the molecules.
The physiological significance of these differences, however, is difficult to determine. On the basis of the friction measurements (Fig. 2) , we could not distinguish between the lubricating abilities of lubricins isolated from the different bovine and human joint fluids. It therefore appears that each of the lubricin samples contained a sufficient number of molecules with the required structures to function efficiently as a boundary lubricant for articular cartilage in the test system in vitro.
The present study provides additional data that lubricin is the synovial-fluid constituent responsible for the boundary lubrication of articular cartilage. Lubricin with apparently the same structure has now been isolated from three different bovine joint fluids, and lubricin from human synovial fluids has a similar chemical structure and specific activity as a lubricant in vitro to bovine lubricin.
